Background: Small nucleolar RNAs are a highly conserved group of small RNAs found in eukaryotic cells. Genes encoding these RNAs are diversely located throughout the genome. They are functionally conserved, performing post transcriptional modification (methylation and pseudouridylation) of rRNA and other nuclear RNAs. They belong to two major categories: the C/D box and H/ACA box containing snoRNAs. U3 snoRNA is an exceptional member of C/D box snoRNAs and is involved in early processing of pre-rRNA. An antisense sequence is present in each snoRNA which guides the modification or processing of target RNA. However, some snoRNAs lack this sequence and often they are called orphan snoRNAs.
Background
Small nucleolar RNAs (snoRNAs) are a special class of small non coding RNAs localized to the nucleolus. They belong to two major categories; box C/D and box H/ACA snoRNAs, based on the presence of short consensus sequence motifs [1] . H/ACA box snoRNAs guide the pseudouridylation while C/D box snoRNAs guide the site specific 2'-o-ribose methylation during post transcriptional modification of pre rRNA [2] [3] [4] . Such modification is accomplished by complementary base pairing between specific regions of the snoRNA and target RNA by the small nucleolar ribonucleoprotein complex which guides the modification of target RNA. Some snoRNAs are also known to perform functions other than the modification of ribosomal RNAs, e.g. U3, U17, U8, U14, and U22. The U3 snoRNA is an exceptional member of the box C/D class, and is involved in early pre rRNA cleavage in the 5' external transcribed spacer (ETS) in yeast cells [5] , mouse extracts [6] , and Xenopus oocyte extracts [7] . Depletion of this snoRNA impairs the formation of mature 18 S rRNA [3] . Other exceptions include C/D snoRNA U8 [8] , U22 [9] and an H/ACA snoRNA U17/snR30 [10] which are required for pre-rRNA cleavage. They are not involved in rRNA and nuclear RNA modification. Some snoRNAs are involved in both pre-rRNA cleavage as well as modification e.g. U14 (C/D) [11] and snR10 (H/ACA) [12] . Several snoRNAs lack any known target site, and are called orphan snoRNAs. These snoRNAs might have undiscovered functions, which may or may not concern rRNAs. Evidence in this respect is the role of orphan C/ D box snoRNA (SNORD115) in regulation of alternative splicing [13] .
Structural motifs are one of the important distinguishing features of snoRNAs. The characteristic structural motifs in C/D box snoRNAs are RUGAUGA for C box and CUGA for D box. In H/ACA box snoRNAs the H box is ANANNA and ACA box is ACA, arranged in a hairpin, hinge, hairpin, tail structure [14, 15] . C/D box snoRNAs are about 60-100 bases in size, while H/ACA snoRNAs are 120-160 bases. Vertebrate snoRNAs are typically encoded from introns of protein coding genes [16] while in plants they are transcribed as polycistronic transcripts [17] . In yeast most of them are transcribed from independent promoters [18] . Amongst protozoan parasites, snoRNAs have been extensively studied in Trypanosoma brucei [19] and Plasmodium falciparum [20] [21] [22] . In the latter it was shown for the first time that snoRNA genes may be located in UTRs. Strikingly, both organisms showed a much larger number of methylation sites compared with pseudouridylation sites.
A number of bioinformatic tools are available for the scanning of genomic sequences for snoRNAs. These include Snoscan [23] and snoSeeker (CDSeeker and ACASeeker) [24] for the search of C/D and H/ACA box snoRNAs. In this study, we have carried out a genome wide analysis of the early branching parasitic protist Entamoeba histolytica for identification of C/D and H/ACA box snoRNAs in this organism. A computational search for structural motifs gave hits out of which false positives having no identifiable target sites were removed. This was achieved by aligning the rRNA of E. histolytica with rRNAs of five eukaryotic organisms Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster, Saccharomyces cerevisiae and Homo sapiens separately, whose snoRNAs and target sites are already known [25] [26] [27] . The computational analysis was combined with experimental validation.
Results and discussion
Computational identification of putative snoRNAs from E. histolytica by snoscan and snoSeeker Target site modifications by snoRNAs are commonly conserved amongst distant eukaryotes [28] . We therefore selected five eukaryotic organisms: A. thaliana, C. elegans, D. melanogaster, S. cerevisiae, H. sapiens, whose methylation sites and pseudouridylation (psi) sites are known and used these to find putative sites in E. histolytica rRNA by aligning its 5.8 S, 28 S and 18 S rRNA sequences with rRNAs of the selected organisms separately (Additional file 1: Figure S1 ). Each of the mapped methylation and psi sites were picked as putative modification sites in E. histolytica. We could identify a total of 173 putative methylation sites and 126 putative psi sites in E. histolytica. A large fraction of these (53%) matched with yeast and human sites. 24 novel methylation sites were also found in E. histolytica. The programs snoscan and snoSeeker (CDSeeker); and snoSeeker (ACASeeker) were used to identify the putative sequences for C/D and H/ACA box snoRNAs respectively in E. histolytica whole genome. The initially predicted snoRNAs (41705 C/D box and 661 H/ACA box) were further analyzed to eliminate false positive candidates using the following criteria ( Figure 1 ). Firstly, we selected snoRNAs that could target the putative modification sites obtained by aligning the rRNA of E. histolytica with the five organisms listed above. SnoRNAs that could potentially target 23 predicted methyl sites and 41 psi sites in E. histolytica were thus selected. Secondly, we set a threshold value, the final logarithmic odd score, that incorporated information from each of the snoRNA features and fetched out the snoRNAs having final score equal or more than the threshold value [24, 26] . The threshold values used are given in "Methods". Thirdly; we looked for the genomic localization of these snoRNAs and selected those coming from intergenic regions and introns. We also selected snoRNAs from genic regions for which the logarithmic odd score was well above the threshold (45 bits for H/ACA and 20 bits for C/D box snoRNAs) [24, 26] . Lastly, we did BLASTn analysis of predicted snoRNAs with EST database of E. histolytica. All those snoRNAs giving hits with ESTs were discarded. Finally we obtained a total of 99 snoRNAs of which 41 were C/D box (34 guide and 7 orphan snoRNAs) and 58 were H/ACA box (43 guide and 15 orphan snoRNAs). We have named the genes encoding the putative snoRNAs so as to indicate firstly the type of snoRNA (Me or ACA), followed by species name (Eh) and the modification site in rRNA (where predicted) or orphan (where it is not known), e.g. ACA-Eh-SSU-1315 represents H/ACA type of snoRNA of E. histolytica which is predicted to modify SSU rRNA at position 1315 (Tables 1, 2, 3) .
We compared the predicted E. histolytica snoRNAs with those of S. cerevisiae [29] , H. sapiens [30] and the two protozoan parasites (T. brucei and P. falciparum) on the basis of homology with conserved antisense sequences that guide the respective modifications for the two snoRNA classes (Table 4) . We found 9 C/D guide snoRNAs out of 34 which showed homology with P. falciparum snoRNAs, and 10/34 which showed homology with T. brucei snoRNAs, while in yeast and human this number was 14/34 (with yeast) and 11/34 (with human). Only 4 E. histolytica H/ACA box snoRNAs out of 43 showed homology with P. falciparum snoRNAs and 2/43 showed homology with T. brucei snoRNAs, while the homology with yeast was 14/43 and with human was 18/ 43. The conservation of modification sites between these organisms was as follows. Of the sites predicted to be modified in E. histolytica rRNAs (47 methylation sites and 41 pseudouridylation sites), 16 methylation sites and 21 pseudouridylation sites were conserved in at least one of the other four organisms (Table 4) . Taking the two modification sites together, 30 sites were conserved between E. histolytica and S. cerevisiae, 31 between E. histolytica and H. sapiens, 13 sites between E. histolytica and P. falciparum, and 12 sites were conserved between E. histolytica and T. brucei. Seven modification sites of E. histolytica were shared by all the four organisms. We also found 7 and 15 orphan snoRNAs in the C/D and H/ACA categories respectively. Orphan snoRNAs are important as they may act on RNA substrates other than mature rRNAs. As mentioned before, one of the roles of orphan snoRNAs is reported for human HBII-52 snoRNA [13] , which is a C/D orphan snoRNA and regulates alternative splicing of the serotonin receptor 2 C. Similarly, some orphan H/ACA box snoRNAs may function in other aspects of RNA biogenesis. For example, the human U17 box H/ACA snoRNA and its yeast orthologue, snR30, plays an essential role in the nucleolytic processing of 18 S rRNA from pre rRNA. We checked for sequence complementarity of the antisense elements in our predicted orphan snoRNAs with the E. histolytica data base. For two C/D orphan snoRNAs (Additional file 2: Figure S2 ) the possible antisense element (upstream to D' box and/or D box) showed complementary base paring with mRNAs of EHI_192630 and EHI_008070 genes in E. histolytica. Further we checked whether the predicted orphan snoRNAs were found in the small RNA data base of E. histolytica (generated in our lab by next generation sequencing). We found that 14 of 22 orphan snoRNAs were detected in this data base.
All of the predicted E. histolytica snoRNAs possessed conserved structural motifs characteristic of each class. Secondary structure of the predicted H/ACA snoRNAs was determined by ACASeeker. All of the predicted 58 H/ACA snoRNAs adopted the consensus folding pattern as shown using VARNA: Visualization Applet for RNA [31] . A representative of H/ACA snoRNA is shown in Additional file 3: Figure S3 A. As expected the H/ACA box snoRNAs formed hairpin-hinge-hairpin-tail structure with H box lying in hinge region and ACA box at 3' tail region. Unlike ACASeeker, the C/D box prediction tool did not provide the secondary structure information. Therefore the secondary structure of C/D box was predicted with RNA fold (rna.tbi.univie.ac.at/cgi-bin/ RNAfold.cgi) and structures were drawn using VARNA: Visualization Applet for RNA. Secondary structures Figure  S3 B). The genome sequence of other Entamoeba species is now becoming available. We checked these data bases to look for close matches to the predicted snoRNAs of E. histolytica. Of the 58 predicted H/ACA snoRNAs we found 36 in E. dispar and 47 in E. nuttalli, while of the 41 predicted C/D box RNAs we found 33 in E. dispar and 36 in E. nuttalli. There was a high level of sequence similarity (77-100%), which was expected with E. dispar and E. nuttalli since they are very closely related to E. histolytica [32] . However when the same analysis was done with a distant species E. invadens, which infects reptiles, we found only 1 H/ACA and 2 C/D snoRNAs matching with E. histolytica. Although this result could also be a reflection of the quality of sequence assembly, it shows that E. invadens has diverged significantly from E. histolytica. Sequence comparison of conserved genes, e.g. rRNA genes also shows high divergence between E. histolytica and E. invadens [33, 34] .
Validation of computationally predicted snoRNAs by RT-PCR and northern hybridization
To demonstrate whether the predicted snoRNAs are indeed expressed in E. histolytica cells we selected 24 snoRNAs to represent different categories, namely guide/orphan; and gene location in genic/intergenic regions. Accordingly 8 C/D box guide and orphan snoRNAs were selected (5 intergenic, 1 intronic, 1 in UTR and 1 genic) as also the U3 snoRNA; and 15 H/ACA box guide and orphan snoRNAs were selected (8 intergenic, 7 genic). Expression analysis of these snoRNAs was performed by RT-PCR using total RNA from E. histolytica and specific primers for each snoRNA designed from the ends of the predicted snoRNA sequence (Additional file 4: Table S1 for primer sequences). RT-PCR products were obtained for all snoRNAs tested (Figure 2 ). Amplicons of predicted size (as obtained by genomic PCR with the same primers using total DNA of E. histolytica) were observed for all C/D box snoRNAs and most of the H/ACA box snoRNAs. For three of the H/ACA snoRNAs somewhat smaller size amplicons were observed ( Figure 2B , marked by asterisk). A possible explanation for this is provided later. To further validate the RT-PCR results northern blot analysis was performed with RNA enriched in small RNA species. DNA probes from four C/D box and nine H/ACA box snoRNAs tested by RT-PCR were used. Results showed detectable bands corresponding to all snoRNAs tested (Figure 3 ), although intensities of bands were not the same for all, possibly reflecting differential expression levels. For the four C/D box snoRNAs and U3 snoRNA tested, the sizes of observed bands were consistent with the predicted sizes ( Figure 3C ). However several of the H/ACA snoRNAs showed bands in addition to the predicted sizes. These bands may represent mature snoRNAs obtained after processing, as has been reported in other species [35] . Some of these processing events may involve splicing of internal sequences, resulting in shorter size amplicons in RT-PCR. The multiple bands observed in some of the H/ACA snoRNAs indicate that these may be present as both single and double hairpin RNAs, as is known in other species [36] . On the other hand, northern blot analysis of ACA-Eh-SSU626 indicates the existence of double hairpin H/ACA snoRNA alone in this case; while ACA-Eh-SSU1315, ACA-Eh-SSU1345, ACA-Eh-LSU2809 and ACAEhOrph13 seem to Note: "Len." denotes length of the snoRNA genes, "Seq." is sequence identity of corresponding snoRNA genes in E. dispar, "Antisense element" denotes length of antisense element in E. histolytica and its sequence identity with E. dispar. "IR", intergenic region, "NA", no annotation. snoRNA located close to ribosomal protein genes •, downstream to rRNA methyltransferase gene ▲, close to C/D box snoRNP (fibrillarin) ■. (+) and (−) represents snoRNA in sense and antisense orientation with respect to host gene. exist as single hairpin alone. Thus, the experimental analysis using RT-PCR and northern blotting demonstrate that the snoRNA predictions by computational analysis are indeed valid and correspond to authentic snoRNA genes.
Genomic organization of snoRNAs in E. histolytica
The genomic location of all snoRNAs (C/D-box, H/ ACA-box and orphan) was determined (Tables 1, 2, 3) . The majority (69%) of snoRNA genes mapped to intergenic regions, while 20% mapped to protein-coding regions where snoRNAs were encoded either from the opposite strand of the protein coding gene (12%) or from the same strand (8%). A small number of snoRNA genes were located in other parts of protein-coding genes, e.g. in the 5'-UTR (3%), 3'-UTR (3%), and intron (1%). 4% of the genes mapped to non annotated regions (Additional file 5: figure S4 ). We checked for proximity of snoRNA genes with protein-coding genes involved in ribosome biogenesis, e.g. ribosomal protein genes and genes encoding nucleolar-localized proteins. A gene was considered proximal if it was found within 1 kb of the snoRNA gene. Of the 68 intergenically-located snoRNA genes, 5 were found close to ribosomal protein genes. Of 20 genically-located snoRNA genes 3 were found close to ribosomal protein genes and 1 was close to the gene for fibrillarin, a component of the C/D box snoRNP, while of 6 snoRNA genes located in UTR 1 was located close to ribosomal protein gene (Table 1, 2, 3) . Me-Eh-LSU-U1176a was present close to rRNA methyltransferase gene. Therefore a substantial number of snoRNA genes were physically close to genes of related function. The remaining snoRNA genes were located close to functionally diverse genes, e.g. genes involved in cellular signal transduction, DNA (cytosine-5)-methyltransferase gene, heat shock genes etc. When the genomic location of E. histolytica snoRNA genes was compared with that of other organisms, some striking similarities were observed. For example, the H/ACA snoRNA ACA-Eh-SSU1216 is localized to the ORF of a hypothetical protein and encoded from its opposite strand. Interestingly the yeast H/ACA snoRNA snR35, which is homologous to ACA-Eh-SSU1216 is also located in an ORF for a hypothetical protein and expressed form the opposite strand [37] . Like in E. histolytica, several of the Drosophila snoRNA genes are located in the coding strand of a host gene. It was proposed that in such cases alternative splicing may occur, giving rise to two different RNA species, exhibiting different functions, from the same premRNA; an mRNA translated into a protein, and a small non-messenger RNA (snmRNA) functioning as the snoRNA [35] . A striking feature in P. falciparum is that some of the snoRNA genes are located in the 3'-UTRs. This feature was found in E. histolytica also, where 3 snoRNA genes were localized to 3'-UTRs. Additionally 3 snoRNA genes were also found in 5'-UTRs-a feature not reported in any other system so far. Although we have not experimentally validated the assignment of snoRNA genes to UTRs, these assignments are likely to be correct since we found that snoRNA genes overlapped with protein-coding region of the gene as well as the UTR. In one case (Me-Eh-5.8 S-U84 snoRNA, which is transcribed from the opposite strand of UTR region of receptor protein kinase gene (EHI_021310) we have validated the presence of this snoRNA by RT-PCR as well as northern blotting. snoRNA genes in other organisms are known to be present both in single and multiple copies, and some may also be in clusters. In E. histolytica we found that 80% of the genes were single copy while the rest were in multiple copies. Our data shows that at least in two instances the snoRNA genes may be present in clusters and may be co-transcribed. 1) The snoRNA genes ACAEh-SSU1212 and ACA-Eh-5.8 S84 are 126 bp apart and are transcribed from the opposite strand of EHI_098580 gene. Due to their proximity and presence in the opposite strand of the same gene, it is likely that these two genes may be transcribed together and may exist in a cluster.
2) The four identical copies of ACA-EhLSU2997a snoRNA genes (located in Scaffold DS572347) are separated from one another by a sequence of 206-214 bp, which is also identical in the four copies. We tried to locate promoters in the 206-214 bp intergenic region of these snoRNA genes using bioinformatic tools (Promoter2.0 prediction server, neural network promoter prediction) but did not find any promoters. The upstream region of the very first copy of snoRNA may have a promoter but this could not be checked computationally as this region was right at the start of the scaffold. It is possible that these four genes may be co-transcribed as a single unit (polycistronic) and may constitute a cluster.
Structural features of E. histolytica box H/ACA and box C/D snoRNAs H/ACA snoRNAs typically fold into a characteristic hairpin-hinge-hairpin-tail structure in which base-paired stems alternate with single-stranded regions (hinge and tail). The H box is located at the hinge and the ACA box is located at the 3' tail, 3 nt away from the 3' end of the snoRNA [15] . The site for guiding uridine modification of the target RNA is always located 14-16 nts upstream of the H box and/or the ACA box [38, 39] . This guide site consists of 8-18 base stretch which is complementary to the target RNA. It is located in an internal bulge or recognition loop in each hairpin and contacts the target RNA containing the unpaired uridine to be modified. Each H/ACA snoRNA can guide the modification of one uridine or two uridines which may be located in the same or different target RNAs. Thus the H/ACA snoRNA may contain only one or both functional loops. In E. histolytica all the H/ACA snoRNAs (Table 5 ) adopted the hairpin-hinge-hairpin-tail structure. Some variations were observed, e.g. in some cases the guide sequence may extend into the adjoining P1 and P2 stems flanking the recognition loop (Additional file 3: Figure S3 A) [40] . Of 43 guide H/ACA snoRNAs in E. histolytica, 5 snoRNAs (ACAEh-LSU1107a, ACA-Eh-SSU631, ACA-Eh-LSU2288, ACAEh-LSU1159b, ACA-Eh-LSU1107b) possessed both the functional antisense regions which can either guide the same or different substrate rRNAs. For example, ACAEh-SSU631 is predicted to guide the modification of uridine in 18 S rRNA at 2 different positions, 631 and 1114; whereas, ACA-Eh-LSU2288 can guide the modification of uridine at position 1431 in 18 S and at position 2288 in 28 S rRNA (Table 2) . Three H/ACA snoRNAs show potential of directing two pseudouridylations by a single guide sequence (Additional file 6: Figure S5 ), as has been reported in other organisms e.g. ACA19 in human [41] . It is proposed that RNAs get folded into alternate structures thus targeting multiple sites. Overall we found 41 psi sites guided by 43 H/ ACA guide snoRNAs. We also found some sites which may be subjected to both methylation as well as pseudouridylation. In human, U3797 position of 28 S rRNA is subjected to methylation as well as pseudouridylation [30] . Similarly in E. histolytica, the residue LSU1176 could be guided by C/D box snoRNAs Me-Eh-LSU- Note: snoRNA of E. histolytica and its homolog in yeast (Y), Human (H), P. falciparum (P) and T. brucei (T) is shown with their conserved modification sites.
U1176a, Me-Eh-LSU-U1176b and Me-Eh-LSU-U1176c as well as by an H/ACA box snoRNA: ACA-Eh-LSU1176. The target site corresponding to LSU1176 is known to get methylated in Arabidopsis thaliana (SnoR41Y C/D snoRNA modifying at 25 S:U1064) and pseudouridylated in S. cerevisiae (snR49 H/ACA snoRNA modifying at 25 S: U990) [25, 29] . Similarly the 5. Table 6 ). The D' box is much less conserved and it varied from CUGA to CAGA, UUGA, AUGA, ACCA and CCGA. All the C/D box snoRNAs possessed at least one antisense element upstream to either the D' box or D box. Me-Eh-SSU-A1183 snoRNA gene had two antisense elements and was able to guide different target sites of the same or different rRNAs (Additional file 7: Figure  S6A ) whereas Me-Eh-SSU-G1535 and Me-Eh-SSU-A790 had single antisense element upstream to D' box which could guide multiple sites for methylation in different rRNAs (Additional file 7: Figure S6B (i-ii) ). Five C/D box snoRNAs with a single antisense stretch in each were predicted to target different sites in the same target RNA (Additional file 7: Figure S6C (i-v) ). From the predicted folding pattern 60% C/D box snoRNAs possessed the terminal stem while the rest either lacked it or had an external stem, or an internal stem [42] .
Computational identification and validation of multiple copies of U3 snoRNA in E. histolytica U3 snoRNA belongs to the C/D box snoRNA category and performs the specialized function of site specific cleavage of rRNA during pre-rRNA processing. It is present in all eukaryotic organisms either as a single copy or in multiple copies [43] . BLASTn analysis of yeast and human U3 snoRNA with E. histolytica whole genome revealed the presence of 5 copies of U3 snoRNA (Eh_U3a-e) in E. histolytica. These were 97-99% identical to each other and ranged in size from 209-225 nt. All copies were located in intergenic regions (Table 7A ) and their sequences are given in Table 7B . The characteristic boxes-box GAC, A' , A, C, B, box C and box D of E. histolytica U3 snoRNA were conserved (Figure 4 ) when compared with U3 snoRNAs of selected organisms (H. sapiens, Leishmania major and Leishmania tarentolae). The Eh_U3 snoRNA was well conserved with respect to T. brucei and T. cruzi [43] . However, it showed poor homology with P. falciparum U3 snoRNA [21] . Sequence conservation was greater at 5' end up to central hinge domain, with less conservation in the 3' hairpin region. We checked for the conservation of U3 snoRNA among Entamoeba species and found 6 copies of U3 snoRNA with 91% identity in E. dispar (Table 7A ) and 1 copy with 96% identity in E. nuttalli. No homology was observed for E. invadens. To validate the predicted U3 snoRNA in E. histolytica we did RT-PCR and northern blotting with total RNA (Figure 2A, 3A) . RT-PCR was performed using specific primers for U3 snoRNAs (Additional file 4: Table S1 ). The predicted and the observed sizes as obtained by both RT-PCR and northern were the same. The sequencing of one of the clones of the RT-PCR product confirmed the presence of Eh_U3e copy of U3 snoRNA.
Conclusion
Ribosome biogenesis in eukaryotic cells requires the activity of a highly conserved set of small RNAs, the snoRNAs. In this study we show that the parasitic protist, E. histolytica, thought to be an early branching eukaryote, possesses the major classes of snoRNAs as judged by sequence conservation with yeast and human. These RNAs are expressed at fairly high levels as they are readily detectable by northern blots. It is relevant to ask whether E. histolytica, being a human parasite, has evolved any snoRNA features uniquely shared by other parasitic protozoa infecting humans. Amongst these organisms, studies on snoRNAs have mainly been reported with P. falciparum and T. brucei. When the features of E. histolytica snoRNAs are compared with these organisms, the following points emerge. Both in P. falciparum Figure 3 Expression analysis of E. histolytica snoRNAs by northern blotting. 15 μg of total RNA enriched in small RNA was resolved on a 12% denaturing urea PAGE gel. For Eh-U3 snoRNA 10 μg of total RNA was electrophoresed on 1.2% denaturing agarose. Blots were transferred to nylon membrane and hybridized to P 32 DNA probe specific to each snoRNA. Northern blot analysis of computationally-predicted C/D box (A) H/ACA box (B) snoRNAs. The 70 nt tRNA-Glu(AAA) of E. histolytica was used as a positive control, as indicated in the lower panel of selected samples. Table displaying the predicted (see Tables 1 and 2 ) and observed sizes of snoRNAs (C). Sizes of bands were marked by end labelled P 32 decade marker (10 -150 nt, Ambion). and E. histolytica some snoRNA genes are located in the 3'-UTR, a property not reported in any other organism except Drosophila [35] where an H/ACA-like snoRNA is reported to be present in 3' UTR. In addition, some E. histolytica snoRNA genes are also found in the 5'-UTR which is unique to this organism so far. Both in P. falciparum and E. histolytica most (80%) snoRNA genes are present in single copy whereas in T. brucei most of the snoRNA clusters are repeated in the genome with few clusters carrying single copy genes [19] . The clustering of snoRNA genes is frequent in P. falciparum and T. brucei.
We have reported two instances in E. histolytica where these genes may be clustered. Unlike P. falciparum where 9 snoRNA genes are found in introns, we could locate only one snoRNA gene in an intron, while the majority of them were in intergenic regions, whereas no intronic snoRNA has been reported in T. brucei so far. Like T. brucei, E. histolytica also possesses single hairpin H/ACA snoRNAs which are likely to be processed from a double hairpin pre-H/ACA snoRNA into single hairpin snoRNAs, whereas in P. falciparum single hairpin H/ACA snoRNA has not been reported. Unlike T. brucei which possesses H/AGA box [36] , both P. falciparum and E. histolytica contain the highly conserved H/ACA box. In contrast to P. falciparum and T. brucei where the number of methylation sites is much larger than psi sites, in E. histolytica we find an almost equal number of both kinds of modifications. There are 47 methylation sites and 41 psi sites. In overall sequence, E. histolytica snoRNAs are much more homologous to yeast and human than to P. falciparum and T. brucei. The greater sequence homology of E. histolytica snoRNAs with yeast and human compared with the two parasite species, and the lack of any particular snoRNA features unique to all three parasite species shows that this highly conserved RNA modification machinery is unlikely to be linked to pathogenesis and each parasite species has evolved its own distinct snoRNA features. This study will help to further understand the evolution of these conserved RNAs in diverse phylogenetic groups and will be very useful in future studies on pre rRNA processing in E. histolytica.
Methods
Extraction of putative methylation and pseudouridylation sites in rRNA of E. histolytica
We used the known methylation and psi sites of five different eukaryotic organisms: A. thaliana, C. elegans, D. melanogaster, S. cerevisiae and H. sapiens to find putative methylation and psi sites in E. histolytica rRNA (5.8 S, 18 S and 28 S) [25] . Alignment of rRNA of E. histolytica and selected five organisms was carried by EMBOSS pair wise alignment tool separately (Additional file 1: Figure S1 ). This gave us putative 173 methylation and 126 psi sites.
Search for E. histolytica C/D box snoRNAs
Snoscan and CDSeeker were used to score potential guide and orphan C/D box snoRNAs respectively from the whole genome sequence (WGS) of E. histolytica. WGS was downloaded from ncbi [NCBI:AAFB00000000] (updated on April 17, 2008) . The tools were initially used with this file and the results obtained were checked periodically online with the updated genome file. Snoscan is based on the greedy search algorithm. It identifies six features in the genome: box C, box D, a region of sequence complementary to target RNA, box D' if the rRNA complementary region is not adjacent to box D, the predicted methylation site based on the complementary region and the terminal stem, if present [23] . CDSeeker can be used to find both guide as well as orphan C/D box RNA but in the present study it was used to find orphan C/D box snoRNAs in E. histolytica. The CDSeeker program combines probabilistic model, conserved primary and secondary structure motifs to search orphan C/D snoRNAs in whole genome sequence. It searches for same features described for snoscan but for the search of orphan C/D box snoRNAs it looks for predicted conserved functional region next to box D or D' (if D' is present) [24] . Both the tools need genomic DNA sequence and rRNA sequences as an input requirement (optional for CDSeeker). All hits that had scored higher than 14 bits were selected as positive guide C/D box snoRNAs [26] . For orphan C/D box snoRNAs, score was set to be 18 bits. These threshold values given are those used for S. cerevisiae (for guide snoRNAs) and the default value used in CDseeker (for orphan snoRNAs). BLASTn analysis of predicted snoRNAs with EST database of E. histolytica revealed the authenticity of predicted snoRNAs. To find the homology between closely related species E. dispar, E. nuttalli and E. invadens, we did BLASTn analysis of selected snoRNAs with WGS of E. dispar SAW760 (NCBI: AANV02000000) E. nuttalli P19 (AGBL01000000) and E. invadens IP1 (NCBI: AANW02000000).
Search for E. histolytica H/ACA box snoRNAs
ACASeeker was used to screen out potential guide and orphan H/ACA box snoRNAs similarly as mentioned above for CDSeeker. ACASeeker program combines probabilistic model, conserved primary and secondary structure motifs to search orphan and guide H/ACA snoRNAs in whole genome sequence. It identifies following features common for both orphan and guide H/ACA box snoRNA genes: box H, box ACA, hairpin 1, hairpin 2, and hairpin-hinge-hairpin [24] . For guide snoRNA genes, another feature: two regions of sequence complementary to target RNA in a hairpin, was taken into account. This tool needs WGS and the list of putative psi sites (optional) as an input requirement. We have provided the list of putative psi sites (as obtained in method section 1) thus 186 guide H/ACA snoRNAs were predicted on the basis of putative sites and 475 snoRNAs with no putative sites were predicted as orphan H/ACA snoRNAs. The threshold value was 40 bits and 27 bits for H/ACA guide and orphan snoRNAs respectively, which was the cutoff used to train the software SnoSeeker on vertebrate snoRNAs. The snoRNAs were further analyzed for genomic localization in intron, intergenic region or from the ORF of protein coding genes. BLASTn analysis of predicted snoRNAs with EST database of E. histolytica revealed the authenticity of predicted snoRNAs. To find the homology between closely related species E. dispar, E. nuttalli Table 6 Sequences of C/D box snoRNA genes in E. histolytica (Continued) Note: "Len." denotes length of the snoRNA genes; "Seq." is sequence identity of corresponding snoRNA genes in E. dispar and "IR", intergenic region.
